lateral mass screws. However, it has been noted that the placement of transfacet screws is technically challenging. 6 The screw is surrounded by important anatomical structures: nerve roots lie anteriorly and inferiorly, the spinal cord lies medially, and the vertebral artery lies anteriorly. The steep caudal and lateral angle required for fixation may also add to the risks of this procedure.
Percutaneous posterior spinal stabilization is becoming more popular for the treatment of common spinal pathologies. 12 During spinal stabilization procedures, it is desirable to minimize soft-tissue trauma and retain the normal anatomy of the facets. Minimally invasive approaches to spinal stabilization tend to reduce the exposure area and its associated morbidities such as blood loss, perioperative pain, and potential for infection. 3 The technique of facet fixation provides an attractive option in this regard.
Takayasu et al. and others 5, 13 have described transfacet screws in the cervical spine as an alternative technique to achieving posterior spinal stability. We have been unable to find any technique descriptions or safety reports regarding percutaneous cervical transfacet screw placement in the literature. Here, we describe a technique for percutaneous cervical transfacet screw placement and compare this technique to the described Dalcanto open technique in regards to the violation of neurovascular structures and the accuracy of screw placement. 
Methods
Eight cadaveric cervical spines with the head attached were harvested from 4 male and 4 female embalmed cadavers. The mean age of the cadavers was 61 years. Cadavers with previous cervical spine surgery were excluded. Anteroposterior and lateral radiographs were taken of each cervical spine to ensure that there was no destructive process of bone. The cadaveric heads and cervical spines were then placed prone on a Jackson table with a padded horseshoe holder to stabilize the head, as is done in surgery of the posterior spine. Biplanar fluoroscopy was set up to image both the anteroposterior and lateral views of the spine. One side of each spine was assigned to the percutaneous group, and the other side to the open group.
The percutaneous technique was performed first for all levels. This was then followed by the open technique on the contralateral side. Stab incisions were made at the midline, beginning at the occipital protuberance down to the level of C-5 over the spinous processes. Then K-wires were drilled through the muscle bulk of the posterior neck in order to attain an appropriate starting point on the lateral mass for the transfacet screws (Fig. 2 ). Dalcanto's starting point was defined as 1 mm medial and 1 mm caudal to the midpoint of the lateral mass. This point was confirmed on anteroposterior and lateral fluoroscopy prior to the insertion of the K-wire into the lateral mass. The wires were drilled with a trajectory 40° caudally and 20° lateral to the cervical spine axis. 6 The target point, at the juncture between the transverse process and the facet joint, was the safest point for avoiding the vertebral artery and the nerve roots. Once the K-wires were placed, 2 fluoroscopic views were taken to ensure accurate placement. Subsequently, a 4.0-mm-diameter and 16-mm-long self-tapping cannulated screw (Synthes) was drilled through the facet joint, capturing the inferior and superior facets of the adjacent cervical vertebrae (Fig. 3) . Once the percutaneous technique was performed to fix the C3-4, C4-5, C5-6, C6-7, and C7 -T1 facet joints, the open technique was then performed on the other side.
The open side was cut sharply with a scalpel, connecting the previous stab incisions from the occipital protuberance to the level of C-5. The posterior cervical musculature was incised from the midline incision. Care was taken to dissect down to bone, exposing the lamina and medial aspect of the lateral mass, as is done in the normal open surgical approach to the posterior cervical spine. The Dalcanto starting point for the K-wire was identified under direct visualization. K-wires were then drilled across the facet joints along the same trajectory, as was done with the percutaneous technique. Anteroposterior and lateral fluoroscopic images were obtained for each level again, as was done with the percutaneous technique, to ensure accurate placement of the wires. Self-tapping cannulated screws (Synthes) that were 4.0 mm in diameter and 16 mm in length were then placed across the C3-4, C4-5, C5-6, C6-7, and C7-T1 facet joints. The final anteroposterior and lateral radiographs ( The definition of the misplacement was thus defined: 1) violation of neurovascular landmarks, as defined as a) violation of the neural foramen, b) violation of the foramen transversarium, and c) violation of the spinal canal; and 2) inadequate facet fixation, as defined as facet joint surface capture less than 15%.
The violation of the neurovascular structures was quantified by 2 means: 1) the number of violations of the spinal canal, foramen transversarium, and neural foramen that could potentiate vertebral artery or nerve root violation; and 2) the proximity in millimeters of the screws to those previously mentioned structures. Violations of the neurovascular structures were counted on the CT scans and confirmed by cadaveric dissection. Proximity was measured in millimeters on CT; however, this could not be quantified on the cadavers.
The accuracy of facet capture was quantified by 2 means: 1) the angle of the screw as it crossed the facet articulation; and 2) the percentage of facet captured. The ideal angle trajectory was defined as the screw crossing the facet perpendicularly-20° in the axial plane and 40° in the sagittal plane-in relation the cervical spine axis.
14 Ideal facet capture was at the midpoint-midpoint position on the axial and sagittal images at facet articulation. The amount of facet captured at the joint was quantified as the percentage of the facet captured. This was calculated by taking a ratio of the distance from the lateral border of the facet to the facet length on the axial view, and the superior border of the facet to the center of the screw to the entire length of facet articulation on the sagittal view. The average of the axial and sagittal ratios provided a value for the overall percentage of facet captured.
Data analysis
The chi-square test was used for comparison of the malposition rate. One-way repeated-measures multivariate ANOVA was run to determine if a significant multivariate within-subjects effect of the surgical approach existed for any of the following 5 assessments: the closest distance from the screw to 1) the spinal canal, 2) neural foramen on the axial image, and 3) foramen transversarium, 4) the ratio of screw purchase, and 5) the angle of the screw at the facet joint. If a significant repeated-measures effect of surgical technique were found, univariate tests of withinsubjects effects would be interpreted to determine how the open and percutaneous techniques differ depending on the observed outcome measure. A Bonferroni correction for 5 comparisons was implemented to control for Type I errors: the significance level was set to a = 0.01 (a = [0.05/5] = 0.01) on the 2-tailed test.
results
Eighty cervical transfacet screws were placed: 40 were placed using each technique. There were a total of 11 misplacements of the screws: 2 screws using the open technique and 9 screws using the percutaneous technique (p = 0.006).
Overall, 3 screws violated the neurovascular landmarks and 8 screws exhibited poor accuracy of facet capture. No screws penetrated into the spinal canal. Three percutaneous screws violated the foramen transversarium (Fig.  6) . Two of those same percutaneous screws violated the neural foramen (Fig. 7) . No neurovascular structures were violated by the screws placed using the open technique. Ninety percent of all the screws had ideal facet capture. Eight screws (10%) exhibited poor accuracy, which was described as less than 15% purchase of the facet joint, missed facet, or facet fracture. Six of these screws were placed using the percutaneous technique, and 2 screws were placed using the open technique ( Table 1) .
The results of 1-way repeated-measures multivariate ANOVA demonstrated a significant multivariate withinsubjects effect of surgical technique (F(5,33) = 4.44; p = 0.003). Therefore, univariate tests of the within-subjects effect of surgical technique were interpreted. Using a significance level of a = 0.01, 1 of the 5 tests was significant.
The open technique resulted in a significantly greater distance from the screw to the spinal canal (p < 0.001) than the percutaneous technique. The surgical techniques did not statistically differ in terms of the distance from the screw to the foramen transversarium (p = 0.015), distance from the screw to the neural foramen (p = 0.012) ( Table  2) , screw purchase ratio (p = 0.018), and angle (p = 0.025) ( Table 3 ).
Discussion
Posterior transfacet screws have been described as a minimally invasive means of instrumenting the posterior cervical spine. The benefit of placing these screws percutaneously through stab incisions provides the patient a reduced risk of postoperative morbidity.
Several studies to date demonstrate cervical transfacet fixation to be a biomechanically and clinically viable option for posterior cervical fusion. Six biomechanical studies found cervical transfacet screws to exhibit comparable, if not higher, pullout strength than lateral mass screws.
2,4,6,9-11 This may be explained by more purchase through the cortical and subchondral bone through the dorsal cortex of the lateral mass, the cortical bone of the inferior and superior articular processes, and the ventral surface of the facet. Four cortices are fixed with transfacet screws in comparison with 2 cortices with lateral mass screws. 13 Miyanji et al. 11 showed in a biomechanical study with 16 cadaveric cervical spines that transfacet screws (with and without rods) were found to have statistically similar biomechanical stability to lateral mass screw and rod constructs. Dalcanto et al. 2 showed no significant differences between facet screws and lateral mass plates in 2-level instrumentations of the cervical spine in regards to the range of motion and stiffness in flexion, extension, lateral bending, and torsion. These biomechanical studies compare transfacet fixation to the present posterior cervical fixation techniques and give mechanical evidence of the stability of this construct for posterior spine fixation.
violation of the spinal Canal
The average distance from the 16-mm-long screw to the spinal canal was 2 mm greater (p < 0.001) in the open group compared with the percutaneous group. However, the clinical relevance of this difference is limited, as there were no violations of the spinal canal in either group and the shortest average distance was 6.4 mm, or one-third of the length of the screws used.
violation of the Foramen transversarium
The foramen transversarium was violated with 3 screws, all of which were placed using the percutaneous technique. The average distance from the screw to the foramen transversarium was 5.2 mm in the percutaneous group and 6.0 mm in the open group (p = 0.015). Two of these absolute violations occurred in the same cadaveric spine, which was the first spine operated on in the experiment. This difference in distances was not significant and shows a weighted importance compared with the absolute number of violations.
violation of the neural Foramen
The average distances between the screw and the neural foramen did not significantly differ between groups (p = 0.012). However, the neural foramen was violated by 2 screws, both of which were placed using the percutaneous technique. One of these screws was the same screw that violated the foramen transversarium in the first spine operated on in this experiment. The breach of the second screw was a true breach through the unilateral cortex. The open technique of transfacet fixation was safe and yielded no violations during this experiment.
accuracy of Facet Capture
The accuracies of facet capture using the 2 techniques were not statistically different. Ninety percent of all the screws had ideal facet capture. Eight screws (10%) had less than 15% purchase of the facet joint, 6 of which were placed using the percutaneous technique and 6 of which occurred at the C7-T1 facet. One screw each from the percutaneous and open groups missed the facet completely, both of which occurred on at the level of C7-T1. This high percentage of technical error at C7-T1 was likely due to the extreme lateral angle necessary for facet capture and the difficulty of radiographic confirmation at the starting point due to distortion from the shoulder girdle obscuring the radiograph. There was 1 case of facet fracture in the percutaneous group and no obvious cases of facet distraction.
The learning curve could be an important issue in this study. Two of 3 screws in the first cadaveric spine violated an anatomical landmark that would place neurovascular structures at risk. Those screws were placed using the percutaneous technique. If the first specimen was taken out from the experiment, then the chance of placing neurovascular structures at risk would not be significant when comparing the open and percutaneous technique (p = 0.074).
There were multiple limitations to this study. First, the percutaneous technique used to place transfacet screws was novel. The technique had not been described, and both surgeons involved in the case had never done one. This was reflected by the fact that 2 misplacements oc- curred in the first specimen, which likely depicts the learning curve for this technique. Second, the cadavers were placed in a padded horseshoe holder. It is possible that more stability could be achieved with the Mayfield headholder. However, the stability of the head did not appear to be a problem during the experiment. In addition, based on the retrospective CT analysis, violation would have been prevented with the use of 14-mm-long screws instead of the 16-mm-long screws. We only had 16-mm-long screws available during this experiment due to budget constraints. Finally, both surgeons who placed the screws were righthanded. Even though the surgeon could choose to be on either side of the cadavers, handedness could have affected the results of the study. Based on our study, we recommend the percutaneous posterior cervical technique using 4.0-mm-diameter cannulated screws with a 14-mm maximum length. From a technique point of view, for more cephalad cervical levels it is important to start at or just below the occipital protuberance for the stab incisions. A midline stab incision that bears slightly toward the contralateral side is beneficial for making the lateral angle necessary for accurate capture of the facet. The starting point for the transfacet screw should be near the center of the inferior facet with a trajectory of approximately 40° caudal and lateral to the floor. It is not recommended to fuse the C7-T1 level with percutaneous techniques.
Conclusions
There is a higher incidence of misplacement using the percutaneous transfacet technique in comparison with the open transfacet technique. The distances from the screw to the neurovascular structures were statistically similar between both techniques. The accuracies of facet capture using the 2 techniques were not statistically different. Surgeons will need to understand the potential risk of using percutaneous techniques as alternatives to open transfacet fixation.
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